research papers '.)

: JOURNAL OF Analysis strategies for time-resolved X-ray solution
2 SYNCHROTRON scattering at high repetition rate XFEL sources

ISSN 1600-5775 N b
Morten Lunn Haubro,® Diana Bregenholt Zederkof,” Dmitry Khakhulin,” Hazem

Yousef,” Yifeng Jiang,” Ivette Jazmin Bermudez Macias,” Thomas Kluyver,”
Frederico Lima,® Mykola Biednov,® Christopher Milne,” Yohei Uemura,” Peter
Zalden,” Hao Wang,” Asmus Ougaard Dohn,® Kerstin Mitterer,® Verena

Received 1 July 2025 Markmann,? Oliver Ohlson,* Martha Tordis Wachter-Lehn,? Philipp Lenzen,*¢

Accepted 3 November 2025 Benedikte Knorr Jensen,© Alberte Hoholdt,© Tim Brandt van Driel,Y Amke
Nimmrich,® Elli Selenius,® Gianluca Levi,®" Klaus Braagaard Moller,®

Edited by A. Bergamaschi, Paul Scherrer Institut, Martin Meedom Nielsen® and Kristoffer Haldrup®*

Switzerland

X . ?Department of Physics, Technical University of Denmark, 2800 Kongens Lyngby, Denmark, bEuropean XFEL, Holz-
Keywords: XFEL; high repetition rate; sample o K . ! .
koppel 4, 22869 Schenefeld, Germany, “Department of Chemistry, Technical University of Denmark, 2800 Kongens

Lyngby, Denmark, dLinac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA,

“Department of Chemistry and Molecular Biology, University of Gothenburg, 40530 Gothenburg, Sweden, ‘Department

destruction; solution scattering.

Supporting information: this article has . K . . . K . R
o R X K of Chemistry, University of Washington, Seattle, WA 98195, USA, 8Science Institute and Faculty of Physical Sciences,
supporting information at journalsAlucerrg/s . . L h . . A . .
University of Iceland, Reykjavik, Iceland, and "Department of Chemical and Pharmaceutical Sciences, University of

Trieste, 34127 Trieste, ltaly. *Correspondence e-mail: hald@fysik.dtu.dk

With the start of the user program at the European XFEL in 2017, and more
recently with the LCLS-II upgrade, the X-ray repetition rate at X-ray free-
electron lasers (XFELs) has been pushed into the kilo- and megahertz regimes.
These high X-ray repetition rates provide an increase in the integrated flux at
these facilities by orders of magnitude, potentially facilitating measurements
that were previously infeasible due to signal-to-noise constraints. However, the
high repetition rates lead to new challenges for sample delivery and a shorter
time for the sample to recover between X-ray pulses. For solution-phase tech-
niques, the X-ray—sample interactions will strongly perturb or even vaporize the
sample jet. Although the sample can be replenished, up to X-ray repetition rates
of ~100 kHz, by flowing the jet at high speeds, this does not completely mitigate
the jet perturbations. In this work, we present a characterization of the jet
perturbations induced by the high X-ray repetition rates at the European XFEL.
We show how these can introduce background signals in time-resolved X-ray
solution scattering data measured at the Femtosecond X-ray Experiments
(FXE) instrument. We show that it is possible to mitigate these experimental
artifacts by employing an alternating excitation scheme combined with careful
background subtraction and that implementing this approach in the experi-
mental design outperforms more simple background subtraction schemes. The
methodology, the observations and analysis results are discussed in relation to
the evolving landscape of XFEL sources.

1. Introduction

Time-resolved X-ray solution scattering (TR-XSS) as
performed at X-ray free electron lasers (XFELs) has emerged
as a powerful tool for probing atomic-scale structural
dynamics on a femto- to microsecond time scale (Gaffney,
2021; Choi et al., 2022). TR-XSS utilizes an optical laser pump,
X-ray probe setup, thereby exciting a photoactive solute and
probing the structural changes associated with the excited
electronic configurations. A schematic of a typical TR-XSS

® setup is presented in Fig. 1.
OPEN a ACCESS The structural sensitivity of X-ray scattering (Jeong et al.,
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Figure 1

Schematic of the typical setup utilized for TR-XSS experiments at FXE.
The sample solution is delivered in a 30-100 um liquid jet under high
pressure. An optical laser pump pulse promotes the photoactive sample
to an excited electronic state and the subsequent atomic structural
evolution is probed by an X-ray pulse arriving a time delay At after
photoexcitation. The scattered X-ray light is detected by the 2D LPD
detector.

~30 femtosecond (fs) X-ray pulses produced at XFELs makes
TR-XSS a powerful tool for probing ultrafast atomic-scale
dynamics. In a typical TR-XSS experiment, the sample system
is delivered in a liquid jet and excited with a fs optical laser
pulse. Subsequently, the sample is probed with an X-ray pulse
at a time delay At after photoexcitation. The time-dependent
scattering signals from the photoexcited system, S,,(A7), are
measured with a 2D area detector. As the scattering response
associated with structural reorganization is quite weak
compared with the static cross section, a difference scattering
signal, AS(A7), is calculated to isolate the effects of the laser
excitation,

AS(AT) = S,y (AT) — S, (1

Soer denotes a scattering signal measured without prior laser
excitation — corresponding to scattering from the system in the
ground state. TR-XSS has been leveraged to observe, for
example, bond formation (van Driel et al., 2016) and disso-
ciation events (Nimmrich et al., 2023; Choi et al., 2021), wave
packet dynamics (Haldrup et al., 2019; Kunnus et al., 2020) and
solvent dynamics (Biasin et al., 2021; Ki et al., 2021; Markmann
et al., 2024; Katayama et al., 2023).

So far, most studies have been conducted on strong-scatter
sample systems containing at least one atom with a high
atomic number, Z, in order to maximize the strength of the
solute-specific scattering signal. However, many functional or
bio-relevant photo-active molecules consist of mainly low-Z
atomic species. The prospect of studying such compounds with
TR-XSS is becoming more feasible with the advent of high-
repetition-rate XFELs, such as the European XFEL and Linac
Coherent Light Source (LCLS)-II-HE. The significantly
higher integrated flux of these MHz facilities potentially
increases the signal-to-noise ratio by several orders of
magnitude to what can be achieved at the more common
~100 Hz facilities. Although TR-XSS measurements typically
use a fast-flowing jet (order of ~10 ms™") ensuring sample
renewal between pulses, the higher repetition rates (kHz-
MHz) can dramatically increase the magnitude of sample
perturbation observed in the measured scattering signals as
the time for the absorbed X-ray energy to be dissipated in the
sample and for the sample to be replenished between

successive scattering events is very short. For example, with an
X-ray photon energy of 9.3 keV, a 100 pm-thick water jet
absorbs roughly 6% of the incident intensity. For a pulse
energy of 300 pJ and assuming a cylindrical beam with a
diameter of 20 um, this leads to a temperature increase in the
probed region of 140 K (see Section S1 of the supporting
information for details). It should be noted that the magnitude
of the temperature increase depends sensitively on the X-ray
energy, X-ray spot size, and the thermodynamic properties and
the X-ray attenuation coefficient of the solvent. While the
specific solvent is typically integral to the experiment, there
can be flexibility in terms of the X-ray energy and for instance
increasing the X-ray photon energy from, for example, 9 keV
to 18 keV would reduce this temperature increase to ~20 K as
the absorption depends on energy as E ° (see also Fig. S1 in
the supporting information).

In previous work, Stan ef al. (2016) studied the interaction
between a liquid jet and an XFEL beam at the LCLS and
found that interaction with SASE X-ray pulses triggered
explosion of the water jet on a ~200 ns time scale. Following
the explosion, shock waves were observed to propagate away
from the area of the explosion, perturbing the otherwise intact
regions of the jet. Similar effects have since been observed
with X-ray imaging following explosions induced by visible
light (Hagemann et al, 2021). Considering the European
XFEL, X-rays are produced in pulse trains with an intra-train
temporal spacing of the X-ray pulses reaching down to 220 ns
(Decking et al., 2020; Galler et al., 2019). At this 4.5 MHz
repetition rate, with a jet flow speed similar to what is typically
used at ~100 Hz XFELs (~10 m s~ ') and with a typical X-ray
beam size of 10 um, already by the second pulse in each train,
the jet has been exploded, and a strongly perturbed scattering
pattern is obtained. By increasing the flow speed of the sample
jet (Khakhulin et al., 2020; Lima et al., 2023; Biednov et al.,
2023) to ~60ms ', it is possible to operate at several
hundred kHz while fully replenishing the sample between
pulses, ensuring that each measurement probes the same
photo-physical properties as the previous. However, the
hydrodynamic perturbations travel through the liquid sample
at or even above the speed of sound (Stan et al., 2016), making
it impossible to flow the sample fast enough that the pressure
and temperature of the interaction volume remain constant
between pulses, unless the interaction volume becomes sepa-
rated by a distance much greater than the attenuation length
of the perturbations.

In addition to the challenges stemming from sample
perturbation and destruction, high-repetition X-ray experi-
ments also put additional requirements on the detection
systems. At 4.5 MHz, the 220 ns interval between scattering
events is not enough to fully read out an image and clear the
charge from a large area (>1 Mpix) 2D detector. To solve this
issue, detectors such as the AGIPD (Adaptive Gain Inte-
grating Pixel Detector) (Mezza et al., 2016) and the LPD
(Large Pixel Detector) (Veale et al., 2017) have been devel-
oped for the European XFEL. Their on-chip storage that is
read out between trains facilitates operation at MHz intra-
train repetition rate. However, as a result of the on-chip
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storage, each scattering pattern needs to be corrected with
appropriate offset (‘pedestal’) and gain for each pixel, gain
stage and memory cell (Wheater et al., 2022).

In this work, we provide an overview of some of the chal-
lenges associated with high-repetition-rate experiments as
they arise in a series of TR-XSS experiments conducted at the
FXE Instrument at the European XFEL (Galler et al., 2019;
Khakhulin et al., 2020). The observed changes in the acquired
scattering patterns are interpreted in terms of the underlying
physics, and their dependence on pulse intensity as well as on
repetition rate is characterized. In combination with model-
independent analysis, this makes it possible to identify also
detector-related contributions to the changes in the acquired
scattering data and mitigation strategies are proposed and
discussed.

2. Experimental details

The analysis presented here evaluates data sets from three
independent scientific campaigns at the FXE instrument. For
ease of reference, these experiments are labeled A, B and C.
The experiments were carried out in 2022 (A, B) and 2024 (C).
For experiment A, the sample was [Fe(bpy)(CN,)]*~ (bpy =
2,2/-bipyridine), which upon photoexcitation into states of
mainly metal-to-ligand charge transfer (MLCT) character
decays into states of mainly triplet metal centered (*MC)
character (Kjaer et al., 2018; Ledbetter et al., 2020; Zederkof
et al., 2022; Jay et al., 2019; Polonius et al., 2025). The MLCT
states are expected to be structurally similar to the ground
state, while the MC states are expected to be associated with
an expansion of the Fe ligand bond lengths (Zederkof et al.,
2022; Polonius et al., 2025). During experiments B and C,
the sample system was a small organic molecular system: a
hemithioindigo compound where the stilbene fragment is a
3,5-dimethyljulolidine group [indicated as ‘Z — 2’ by Wied-
brauk ez al. (2016)] in experiment B and TIPSpn [bis(triiso-
propylsilylethynyl) pentacene] (Walker et al, 2013) in
experiment C. The difference scattering signal associated with
the photoinduced structural changes of these organic
compounds is small, and thus the dominant signal will be that
of the solvent heating upon energy dissipation of the photo-
excited solute (Kjaer et al., 2013). Key experimental para-
meters of all three experiments are detailed in Table 1. The
setup used, briefly described in the following, is similar to what
has been previously reported (Khakhulin et al., 2020; Lima et
al., 2023). For all the experiments, X-rays were generated at an
intra-train repetition rate of 141 kHz, resulting in ~50 pulses
per train with a temporal spacing of 7 us, at energies of 9.3,
12.0 and 9.1 keV during the three experiments, respectively,
but for consistency of presentation and ease of comparison all
data plots use the same g-range, g = 0.4 A" to 4 A~ For all
three experiments the ~50 fs X-ray pulses were focused to a
FWHM of ~30 pum at the interaction point, while the ~70 fs
laser pulses were focused to a FWHM of ~60 pum. The sample
was delivered as a round liquid jet with a 100 pm diameter at a
flow speed of ~60 m s, ensuring that the interaction volume
was replenished between pulses.

Table 1

Experimental details for the three experiments.

For experiment A, an excitation wavelength of 530 nm was used for the water
data, whereas 710 nm was used for the MeCN and DMA data sets.

Proposal No. Ex ray Aexe Ecxe

(label) Solvent (keV)  (nm) (WJ)  Gain mode
p2787 (A) Various 9.3 530 or 710 2.8 Auto
p2983 (B) Acetonitrile 12 490 4.4 Medium
p6736 (C) thf 9.1 415 1.8 Medium

X-ray scattering was recorded using the LPD detector
system, designed for the specific needs of diffuse scattering
and diffraction experiments at high X-ray repetition rates
(Veale et al., 2017). The LPD employs 512 memory cells in
each pixel, each of which can store the measured scattering
from a single X-ray probe pulse, data which is then read out
between trains. The LPD offers three different gain stages
(high, medium and low), with the option for both auto-
switching and simultaneous readout (Wheater et al., 2022).
The gain modes used in these experiments are noted in
Table 1.

2.1. Excitation scheme

In the following, a measurement will be designated as the
recording of scattering from a single probe pulse. In order to
minimize shot-to-shot variations, every second measurement
at FXE is a ‘laser off” measurement. This makes it possible to
construct the difference scattering signal [equation (1)] from
consecutively measured scattering patterns, minimizing the
effects of systematic drifts in X-ray intensity and background
from air scattering. In this work, we present an investigation of
two different excitation schemes. First, the standard excitation
scheme, presented in the upper panel of Fig. 2, where the
excitation pattern for each train is the same, ie. the first
measurement in each train is an ‘on’ measurement, the second
is ‘off’, and so on. Alternatively, the alternating excitation
scheme, presented in the lower panel of Fig. 2, can be used. As
with the standard excitation scheme, every second measure-

Standard
p= 123 4 47 48 49 50 123 4 47 48 49 50
| | LN N )
L] L
Train t Train t+1 time
| : X-ray Pulse
| : Laser Pulse
Alternating
123 4 47 48 49 50 1 23 4 47 48 49 50
| | "t | | | | "t | |
[0 e T P 11 il 11 G
Train t 77 Train t+1 time
Figure 2

The two different excitation schemes investigated in this work. The
standard scheme, where every second measurement is laser on, starting
with the first in each train, and the alternating scheme, where every
second measurement is ‘laser on’, alternating between starting with the
first and second pulse of each train.
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ment is ‘laser off’. However, in contrast to the standard
scheme, where the excitation pattern is identical for all trains,
the order of the ‘laser on’ and ‘laser off’ measurements
alternates from train to train. In other words, if the first train is
on-off-on-off, the second train will be off-on-off-on. In the
case where the sample jet is perturbed by both the X-rays and
the visible laser and that there are systematic differences
between various memory cells, the choice of excitation pattern
may influence the shape of the difference scattering signal.
The different merits of the two excitation schemes are
discussed in Section 7.

2.2. Data reduction

After each train, LPD raw images are stored in the XFEL
database for further post-processing. The detector Pedestal
(measured under no X-ray exposure) is subtracted from each
image. Solid angle (Bosecke & Diat, 1997) and polarization
corrections (Hura et al, 2000) are then applied to the
corrected detector images, and individual bad pixels are
removed with a mask. The left panel of Fig. 3 shows an
example of a corrected scattering pattern.

Subsequently, the detector images are azimuthally inte-
grated using the PyFAI software package (Ashiotis et al.,
2015), yielding scattering curves as a function of momentum
transfer, defined as ¢ = (4wsin6)/A, where A is the X-ray
wavelength and 260 the scattering angle. Fig. 3, right panel,
presents an example of the azimuthally integrated scattering
signal S and the difference signal AS from experiment A,
calculated as described in the following. For the most recent
experiment (C), the integration was implemented in the
DAMNIT tool (https://damnit.readthedocs.io/) developed by
the European XFEL Data Analysis group. Each of these
azimuthal curves S(g) is then self-normalized (in the
following, the superscript ‘n’ denotes self-normalization)
according to

Sip(@)
S.p(@) - (@)
[ o ] Z Stp(511<q<42)
For all the data presented here, g = 0.7 A, g, =4 A~!. The

subscripts ¢ and p denote the train and pulse number,

| p— >
_'=E_._-‘_ i 12500 150000 - AS-1000
e — 10000 9
__?' o
| —— —,=_ 3 100000 -
e e | ]
= == Iy
— 5000 P5|
== ! 0
= 2500
= —-50000 -
0 T T T T
1 2 3 4

. qlA ™1

Figure 3

Left: an example of a detector image showing the scattering pattern
measured during experiment A, where a mask and solid angle and
polarization correction have been applied. Right: an example of the
azimuthally integrated scattering signal S and difference scattering signal
AS multiplied by a factor of 1000 for clarity, both plotted as a function of
momentum transfer g.

respectively, uniquely identifying each scattering pattern. This
normalization minimizes the variations in the scattering
intensity as a result of fluctuations in the incident X-ray beam
intensity. Subsequently, the difference scattering signal,
AS(q, AT;), is constructed from all trains (= 1...N,) and all
pulses (p = 1...N,) measured with a given time delay At;
according to (for the standard excitation scheme)

NN
Z}jzhxm — Sy (@) (3)

Here, the ‘laser on’ and ‘laser off” measurements are denoted
as the odd and even pulses in each train, respectively,
assuming the standard excitation scheme. The data are then
scaled to the smallest stochiometrically representative unit,
known as the liquid unit cell (LUC), to convert the arbitrary
intensity scale of the scattering pattern to electron units per
liquid unit cell, allowing quantitative analysis (Haldrup et al.,
2010) (see also Section S2 of the supporting information
including Fig. S2). An example of the resulting difference
scattering signal is compared with the absolute scattering
signal in the right panel of Fig. 3. Note that the difference
scattering is scaled by a factor of 1000 to facilitate the
comparison with the absolute scattering signal.

Repeating this approach for each time delay yields the time-
dependent, Az, difference scattering data, AS(q, At;), as
presented in the left panel of Fig. 4. The data presented are
from experiment A and were measured with water as the
solvent. There is a clear onset of signal around time zero, At =
0, in the g = 1.54 A~! region, resembling the known differ-
ence scattering signal arising from water heating (Kjaer et al.,
2013). The negative signal present for g < 1.5 A" arises from
Fe—N bond length elongation in accordance with the
expected signals from computational work on this complex
(Zederkof et al., 2022; Polonius et al., 2025) and also observed
for similar Fe-centered compounds (Kjaer et al., 2018).

For negative time delays, At < 0, it is expected that AS =0,
but a significant background is present and is observed to be
independent of the time delay At Fig. 4, right panel, shows a

AS(q. A7) =

40 A
3 CEE S ] >0 20
= - g
T e
<, _ o <
S IRENE 3 04
—— AS(Ops <AT<.5ps)
1 =50 _40 —— AS(AT<-2ps)
— —ASpran°0.1
T T T T
0 10 1 2 3 4
At[ps] qlA™1]
Figure 4

An example of the difference scattering signals upon preliminary data
reduction. Left: AS(g, A1) as calculated according to equation (3). The
data were measured during experiment A on the [Fe(bpy)(CN4)]*~
complex in water. Right: averaged difference signals of AS, before time
zero (orange) and early delays (blue), as well as the average pulse train
difference (black) calculated according to equation (4). These data were
measured during experiment A.
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comparison between the averaged pump-probe signal for the
first 0.5 ps after time zero, the background, ASgg, which is
obtained as an average of AS(At < —2 ps), and the average
pulse train difference, ASpy, with the definition and utility
of the latter presented in the next section. The background
contribution, ASgg (orange), is of similar magnitude as the
actual pump-probe signal (blue), which potentially makes
quantitative analysis more challenging. A proposed solution to
this is to subtract a reference signal, measured at negative
pump-probe delay, from the delay scans (Lima et al., 2023). If,
as Fig. 4 (left) seems to indicate, the background is constant,
this method will recover the part of AS(g, At) that arises from
photoexcitation of the solute molecule. This approach is,
however, sensitive to systematic drifts that may cause the
magnitude and shape of the persistent background contribu-
tion (ASpg) to drift over the course of a delay scan.

Fig. 5 shows a comparison between ASgg identified in the
data set from experiment A compared with simulated differ-
ence scattering signals arising from photoexcitation of a di-
platinum complex [Pt,POP, (Levi et al, 2018)], an Fe-
centered coordination complex [Fe(bpy)s (Kjaer et al., 2019))]
and an azobenzene (Merritt et al., 2021), all of which have
been scaled to a reasonable 10% excitation fraction. In
particular for Q > 1.5 A~ this comparison highlights how the
presence of a structured background signal, like the one
observed for experiment A, may complicate or bias quanti-
tative analysis if not properly removed or accounted for, even
for systems exhibiting very strong difference signals like the
Pt,POP,4 complex. Indeed, for structural dynamics in low-Z
systems such as the cis—trans isomerization of the azobenzene
presented in Fig. 5, the presence of artifacts of this magnitude
may completely obscure the solute-related difference signals
in the acquired data.

In the following, the origin of ASgg is explored, and
methods to characterize and minimize it are presented. Since
the high repetition rates may cause sample perturbation
during pulse trains, an approach is developed to characterize
the changes to the scattering signal over the course of
the train.

200 - —— PtPOP
—— Fe(bpy)s

9 100 - —— Azobenzene

r} ASpe

3

A 01

C)

4 -100 -

—200 A
T T T T
1 2 3 4
q[A-1]
Figure 5

A comparison between the measured background from experiment A,
ASgpg, and simulated difference scattering signals arising from the high
spin state of Fe(bpy)s, the triplet state of PtPOP, and the expected signal
from a cis—trans isomerization of an azobenzene. All simulated signals are
scaled to a 10% excitation fraction.

3. The pulse train difference

To isolate the pulse-dependent artifacts that are not related to
any solute dynamics, the pulse train difference is defined as

ASpr(q,p) = %Z {Sg.p = DI" = [S(q, p)I"}

t

for p € ‘laser off’ pulses. 4)

Note that only ‘laser off’ measurements are used to calculate
ASpr to avoid including the excited structural signal of the
sample for this analysis of the pulse-dependent artifacts. In
equation (4), S denotes the azimuthally integrated scattering
pattern, p denotes the pulse number of the given scattering
pattern, and ¢ denotes the train index. As before [equation
(2)], the superscript n denotes self-normalization. Thus, all off
pulses within a given pulse-train are considered relative to the
first pulse. By averaging the same pulse numbers pairwise for
all N, trains in a given data set, the random variations between
individual trains are minimized. While the difference scat-
tering signal, AS(q, At;) [equation (3)], is designed to isolate
the difference scattering pattern stemming from photoexcita-
tion of the sample at a time delay Ar, the pulse train difference
[equation (4)] is designed to isolate possibly cumulative effects
of all previous pulses in the train on the scattering signal from
pulse p. These effects include X-ray and laser induced sample
perturbations, but may also include detector artifacts, X-ray
energy drifts, etc.

Fig. 4 (right) compares the averaged difference scattering at
negative time delays, AS(g, At < —2 ps) (orange), with the
averaged difference scattering for early delays, AS(g, 0 < At <
0.5 ps) (blue), and an average of the pulse-train difference,
ASpr, avg (black), for a single delay scan. Note that ASpr, 4y, is
scaled down by a factor of ten to be of comparable magnitude
with AS. Comparison of the averaged background signal
ASpg (orange) and the averaged pulse-train difference
ASpr, avg (black) [Fig. 4 (right)] shows similar but not identical
signals. The differences in both shape and magnitude are
assigned to the fact that the background signal ASgg is
constructed from nearest neighbor scattering patterns, while
the pulse-train differences ASpr include differences between
the first pulse and all the remaining ‘off’ pulses. The simila-
rities suggest that the origin of the non-zero signals observed
in the averaged pulse-train differences, ASpr, avg, is the same
as the origin of the background, ASgg. The averaged pulse-
train differences, ASpr, calculated for ~ 15 min of data (~9000
trains) is plotted in Fig. 6 (left). Here, the data have been
scaled to the LUC of the 20 mM [Fe(bpy)(CN)4]*~ sample
solution (2750 water molecules for each solute molecule).

To investigate which mechanisms give rise to ASpr, a
physical model is employed. The model considers temperature
and density changes in the probed region as well as the
consequences of severe jet disturbances. Firstly, the highly
intense X-ray pulses hitting the sample at kHz repetition rates
within the same pulse-train may lead to a local heating of the
sample as energy is deposited via absorption of the X-ray
pulses. The consequent temperature increase causes the
solution to expand on a nanosecond timescale, thus affecting
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Figure 6

Left: the pulse train difference, ASpr(q, p), calculated from the laser off
measurements of a pump-probe scan. Middle: the best fit to ASpy of the
model defined by equation (5). Right: the residual of the model fit. These
data were measured during experiment A.

the solvent density. Changes in temperature and density of a
given solvent are well known to give rise to characteristic
difference scattering signals (Cammarata et al., 2006; Kjaer et
al., 2013). Such changes in the observed difference scattering
signals can be readily modeled using a linear combination of
archived difference scattering signals arising from changes in
solvent temperature, ASA7, and density, AS,,, for the given
choice of solvent, here water (ArchiveLink, 2025); these
contributions are plotted in the left panel of Fig. 7. Further, as
shown by Stan et al. (2016), the intense X-ray pulses may lead
to explosions of the liquid jet. From an X-ray scattering point
of view, this process causes the scattering contribution from
the liquid solvent Sy,0,1iq to diminish or, eventually, comple-
tely disappear. Although the vaporized solvent may be
propelled quite far away from the interaction point, some of it
will remain within the interaction volume until the next pulse
arrives, contributing to the scattering in gaseous form. Fig. 7
(right) shows the X-ray scattering signal from liquid water
(green curve) and from a gas of water molecules, with the
former taken from the work by Skinner et al. (2013) and the
latter calculated via the Debye equation for molecular scat-
tering. Compton scattering (Wang et al., 1994) has been added
to both scattering signals. To model the pulse-train difference
scattering signals, ASpr, a linear combination fit is constructed
from these scattering contributions, analogous to the way AS
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Figure 7

The scattering components contributing to the fitted model. Left: ASA 7
and AS,, from Kjaer et al. (2013), scaled by the number of water
molecules in the LUC (2750). Right: Sy,0,1ig, the scattering signal from
liquid water scaled to one water molecule (Skinner et al., 2013), and
SH,0,gas» the X-ray scattering calculated for a single gaseous water
molecule. Both scattering signals also include Compton scattering.

is often analyzed (Ihee, 2009). For each pulse number p, a
linear combination of the scattering contributions is fitted to

ASpr(q),

ASpr, model(@) = AT AS1(q) + Ap ASAp(q)
+ OlSHZO,liq + ﬂSHZO,gas' (5)

The results of the fit of ASpr mode(¢, p) are presented in the
central panel of Fig. 6. The model reproduces the low ¢
features and the negative feature at g >~ 2 Al present in
ASpr reasonably well. However, the high ¢ features are not
well described, suggesting that the model is incomplete. Fig. 8
shows the pulse dependence of the fitted parameters. The
density (orange) decreases over the course of the pulse train
to Ap ~ —1kgm >, indicating that the continued energy
deposition into the jet from the X-ray and optical laser pulses
causes the jet to expand. AT is very close to zero for the first
~15 pulses before it increases to ~0.25 K, with large fluc-
tuations over the rest of the train. The change in the magni-
tude of the liquid scattering signal, fitted as o, is zero for the
first few pulses, until it rapidly decreases with an amplitude
corresponding to ~2 water molecules per liquid unit cell
(~1%o). This drop is concurrent with an increase in scattering
from gaseous water, 8, of one molecule per LUC, indicating
that roughly half of the vaporized water remains within the
probed volume.

To summarize the possible series of events: a significant
amount of energy from the probe X-ray pulse is absorbed in
the jet at the interaction point. This strongly perturbs the jet,
increasing the temperature and likely vaporizing the jet
around the interaction point in correspondence with what has
been previously observed and investigated (Stan et al., 2016;
Hagemann er al., 2021). This consequent disturbance travels
away from the current interaction point as a shock wave,
perturbing also the up-stream jet at what will be the next
interaction point. Within our modeling framework, this is
detected as a decrease in sample density when the upstream
jet volume reaches the interaction point. After a few pulses
the density decrease is accompanied by a decrease in the
amount of sample reaching the interaction point simultaneous
with an increase in gas scattering, consistent with the previous
observations of jet explosions. After a few more pulses (>6)
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Figure 8

Left: the fitted change in temperature A7 and density Ap per liquid unit
cell (LUC) of the probed volume over the course of the pulse train. Right:
the fitted change in the number of probed liquid « and gaseous f solvent
molecules per LUC over the course of the train.
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the energy buildup in the upstream jet is large enough to be
detected as a temperature increase of the sample, when the
upstream jet material reaches the interaction point.

While the physics-based modeling captures most of the
intra-train dynamics shown in Fig. 6 and provides an expla-
natory framework for the observations, the rightmost plot
of Fig. 6 shows that a significant residual still remains. This
residual is currently believed to stem mainly from structured
contributions to acquired data arising from the electronics of
the detector system rather than from the X-ray scattering off
the sample. In the context of the present work we denote such
contributions ‘detector artifacts’ and find them to be multi-
plicative modulations of the recorded scattering signals as
discussed in more detail in Section 4.1 below. First, however,
to obtain further insights on the observed intra-train dynamics
captured by ASpr, we next turn to model-independent
analysis via singular value decomposition.

4. Model-independent analysis ASpy

Singular value decomposition (SVD) decomposes an M x N
matrix A into orthogonal left and right singular vectors
u(i), v(j) of weight s(i,j), where i =1...M and j=1...N,
A =usv” (Hendler & Shrager, 1994). In practice, this makes it
possible to decompose the pulse train difference, ASpr(p, q),
shown in the left panel of Fig. 6 into individual orthogonal
scattering contributions and their pulse dependence. The
weights s(i, ) of all contributions to the SVD are plotted along
with the first three (i = 1...3) left [u(i, ¢)] and right [v(p, i)]
singular vectors of the SVD of ASpr in Fig. 9.

The first right singular vector, [v(p, 1)], shows a gradual rise
with increasing pulse number p, indicating that the most
dominant feature in the ASpr(q,p) data matrix intensifies
throughout each pulse-train of the X-rays. Such a gradual
growth is consistent with the pulse dependence of « and B
(Fig. 8). The second and third left singular vectors [u(2, q),
u(3, q)] show strong non-zero features of unknown character.
Based on the corresponding left singular vectors, [v(p,2),
v(p, 3)], these features do not show a clear systematic
dependence with pulse number, and the origin of their char-
acter requires further analysis. In the following, it is argued

that v(p, 2) likely arises partly from detector artifacts related
to the detector memory structure.

4.1. Detector artifacts

The LPD is designed to record detector images at the
4.5 MHz base repetition rate of the European XFEL, with the
possibility of selecting just a subset of memory cells to store
the data, allowing for the possibility of running the experiment
at a lower X-ray repetition rate. When operating an experi-
ment at 141 kHz (intra-train) repetition rate, detector images
from the 50 consecutive train-pulses are not stored in the 50
consecutive memory cells. Instead, the images are stored in
every 32nd cell [as 141 kHz = (1/32) x 4.5 MHz] until reaching
the last of the 512 memory cells. The storage processing then
re-starts from the initial memory cells by filling the empty
ones. For example, the first pulses are stored in, for example,
memory cell IDs 8, 40, 72, 104, 136, etc. Once cell ID 512 is
reached, storage re-starts from memory cell ID 9. In practice,
this means that for 50 pulses at 141 kHz the detector cycles
through the memory cells three times. Fig. 10 shows the cell ID
as a function of pulse number p as dashed gray lines plotted
alongside the right singular values, v(p,i = 1,2) from the
singular value decomposition of the pulse-train difference
matrix ASpr (top and middle panel). The bottom panel of
Fig. 10 shows a comparison between the memory cell ID and
the absolute sum of the residual from the physical model
(shown in Fig. 6, right panel).

From Fig. 10 some of the abrupt changes in ASpr (Fig. 6)
can be rationalized, as distinct dips in both the first and second
right-singular vectors appear to coincide with the cycling of
the memory cells starting over (bottom of the dashed curve),
and with a similar pulse evolution in the residual (bottom
panel) between the physical model and the acquired pulse-
train difference signal. Similar abrupt changes in the acquired
data as a function of pulse number can be observed also in
Figs. 11-13 below. This correlation between the pulse depen-
dence of ASpr and the ID of the memory cells which were
used to store the scattering data indicates that the behavior
stems from the detector. It is assigned to be due to the effect of
the so-called memory droop (charge leakage) in the analog
storage cells (Koch et al., 2013) which is a known challenge
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Figure 9

Singular value decomposition of the pulse train difference ASpr(g, p). Left: s(i, i), the weight of all singular vectors. Middle: u(i = 1...3, q), the first
three left singular vectors, denoting the three largest orthogonal contributions to ASpy. Right: v(p,i = 1...3), the first three right singular vectors,
describing how u(i, ¢) depends on the pulse number p. These data were measured during experiment A.
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The first (top) and second (middle) right singular vectors of the SVD in
Fig. 9 as well as the residual (bottom) from the model in Section 3 as a
function of pulse number p. The dashed gray points are plots of the
memory cell ID of the memory cell storing scattering from pulse p. These
data were measured during experiment A.

with the LPD detector, with this charge loss known to be
dependent on the operation temperature, the amount of
charges stored and the storage time. From these observations,
the charge leakage is therefore tentatively concluded to give
rise to a multiplicative modulation of the acquired scattering
data. This changes along the pulse train, as do the physical
changes to the jet, and therefore the model-independent
approach based on SVD analysis will not be able to isolate this
contribution to the signal. However, further analysis of the
residual remaining after subtraction of the physics-based
components observed in ASpr, see Fig. 6 right, may yield
insights into how such detector artifacts arising from the basic
design of the electronics contribute to TR-XSS experiments.
Such an investigation is beyond the scope of the present work
which is focused on the direct effects of the high repetition
rate of the incident pump- and probe-pulses, and, as demon-
strated in Section 3 above, ASpr arises in part from jet
perturbations. The corresponding scattering signature is
expected to depend on the hydrodynamic properties of the
solvent and, to quantify this further, ASpy is next compared
across different solvents and excitation conditions.

4.2. Solvent dependence

ASpr for the solvents in question, namely water (H,O),
dimethylacetamide (DMA) and acetonitrile (MeCN), all
measured during experiment A with the same X-ray pulse

intensity, are plotted in Section S3 of the supporting infor-
mation. For each of these data sets, an SVD of ASpr is
calculated. Fig. 11 shows the first two left (left) and right
(right) singular vectors of the SVDs. The dashed lines in the
bottom left panel mark the maximum position of the liquid
peak for each of the solvents.

The first left singular vector, u(g, 1), is ascribed to the
mainly X-ray and laser induced hydrodynamics taking place
over the course of the pulse train due to the similarities
between its pulse dependence v(1, p) and the evolution of the
components of the physical fit (Fig. 8). As a result of the
different scattering signatures from heating, expansion, etc. of
the solvents, the scattering contribution, u(q, 1), is distinctly
different for the different solvents. However, v(1, p) shows a
similar pulse dependence for all solvents, a rise, modulated by
the effects of memory leakage (described in the previous
section).

For all three solvents, u(gq,2) shows a negative feature
followed by a sharp rise. For each of the solvents, the edge of
this rise approximately coincides with the maximum of the
liquid scattering signal (marked by dashed lines). In other
words u(q, 2) corresponds to a shift of the liquid peak. A
comparison between u(q,2) and the liquid scattering signal
from the corresponding solvent is plotted in Fig. S4. This peak
shift could be an effect of a correlation between the X-ray
photon energy of a pulse and its position in the train, as a
change in X-ray energy is known to give rise to such an effect
(van Driel et al., 2015a). However, the scattering signal asso-
ciated with heating and expansion is also associated with a
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The first two left (left column) and right (right column) singular vectors of
the SVD of ASpr for three different solvents. The dashed lines in the top
right panels mark the maximum of the liquid peak for the corresponding
solvent. The asterisks (*) in the right column marks where the cycling of
the memory cell starts over. These data sets were measured during
experiment A.
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peak shift, making it difficult to completely rule out a hydro-
dynamic component to u(q, 2). As mentioned in the discussion
of Fig. 10, v(2, p) is correlated with memory cells wrapping
configuration of this experiment indicating an at least partly
electronic origin of the signal. To understand how the effect of
these artifacts might be mitigated, an investigation of how
ASpr depends on the X-ray pulse intensity and repetition rate
is presented in the following.

5. Dependence on X-ray intensity and repetition rate

During experiment B, measurements were performed in the
fixed medium gain mode and with systematic variation of the
X-ray pulse intensity at two different X-ray repetition rates.
This provides an opportunity to investigate how ASpr
depends on these experimental parameters. These measure-
ments were performed in acetonitrile.

The X-ray pulse intensity at 100% beamline transmission is
estimated from a downstream gas detector, which provides
incident X-ray pulse intensities / in units of pJ pulse ', before
starting the measurements. Fig. 12 shows the first singular
vectors of the SVD of ASpr calculated for five scans measured
at different incident X-ray pulse intensities, without any laser
excitation. All curves have been scaled by the incident X-ray
intensity /, as this value is proportional to the magnitude of the
scattering signal. For the highest intensity, / = 245 pJ per pulse,
the negative feature atg >~ 1.8 A~!resembles a decrease in the
liquid scattering signal, indicating that at the highest trans-
missions the deposited energy is enough to partially destroy
the liquid jet, vaporizing a significant amount of the solvent
and increasing gas scattering (consistent with the results of the
modeling discussed in Section 3). As the X-ray transmission is
decreased, u(q, 1) goes from being dominated by a decrease in
liquid scattering to being dominated by what appears to be
a peak shift for /7 = 35 pJ. This demonstrates that the jet
dynamics initiated by the X-rays at high intensity differ
significantly from those initiated at low intensity, but that even
at the lowest fluence investigated here there are still contri-
butions to the acquired scattering signals arising from beam/
sample interactions for the preceding probe pulses.
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Left: the most dominant left singular vectors, u(q, i = 1), for an SVD of

the pulse train difference measured at five different X-ray pulse energies.
Right: the corresponding right singular vectors. These data were
measured during experiment B.

Fig. 12 (right) shows the first right singular vectors, v(1, p),
as a function of X-ray intensity. The modulation from the
memory cell array wrapping is stronger at higher intensities
and seems to disappear almost completely for the lowest
intensity. This supports the conclusion that the modulation of
ASpris caused by charge leakage, as this effect is expected to
be proportional to the amount of charge stored in the memory
cells. Apart from this, they appear to show roughly the same
underlying behavior: a rise over the course of the train. This
indicates that a reduction in the X-ray intensity may reduce
the prevalence of artifacts in AS. While the magnitude of
ASgg decreases with decreasing X-ray intensity, so does the
magnitude of the difference scattering signal. A comparison
between delay scans measured at 185 pJ and 350 pJ is plotted
in Fig. S5. ASgg is observed to be significantly lower for the
lower X-ray intensity. This increase in the signal-to-artifact
should, however, be weighed against the decreased signal-to-
noise.

As a further investigation of how ASpr, and thus ASgg,
evolves during the pulse trains, a comparison between two
repetition rates is made. For fi;.;, = 70.5 kHz and 141 kHz,
ASpris compared based on 7, the time elapsed since pulse 1,
calculated as 7, = (p — 1)/f, where fis the repetition rate in
Hz. Fig. 13 (left) shows a comparison between ASpr(q, 7,)
measured at an X-ray repetition rate of 141 kHz (black) and
70.5 kHz (red). The signal shape is initially very similar for the
two repetition rates, but diverges after 7, > 120 ps. By the end
of the train (7, 2 300 ps), the pulse-train difference, ASpr, for
the higher repetition rate, resembles an overall decrease in the
scattering signal, while the lower repetition rate signal mostly
resembles a peak shift.

Referring back to the analysis presented in Figs. 6-8 above,
the differences in sample response seen in Fig. 13 can be
related to the amount of energy absorbed in the sample jet.
For the high repetition rate the absorbed energy is enough to
partially vaporize the jet, whereas for the lower repetition
rate the sample response appears as mostly a change in the
hydrodynamic state of the probed sample. Fig. 13 (right)
shows the magnitude of ASpr for the two different repetition
rates, quantified as the absolute sum, » p |ASpr|, as a function

P — 141 kHz
w T, =294ps 1.25 9 __ 705k
30 A -
=7 Tp=252us — 1..00 +
3 2 S
S w Tp=210us % 0.75 -
= —— £
9 4 050
[VNES
0.25 A
0.00 A
T T 1 1
0 100 200 300
Tp [Ws]
Figure 13

Left: a subset of the pulse train differences ASpy plotted for a
measurement at f = 141 kHz (black) and f = 70.5 kHz (red) X-ray repe-
tition. Right: the signal magnitude as a function of 7, = (p — 1)/f. Here,
the X-ray pulse intensity is ~35 pJ. These data were measured during
experiment B.
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of 7,,. The main difference between the two curves appears to
be the magnitude of the detector-related dips discussed above,
which are larger for the high repetition rate measurements, as
expected from more charge being accumulated. It is inter-
esting that the general magnitude and trend of ) g |ASpr] is
very similar between the two data sets, even though the
number of X-ray pulses interacting with the sample differs by
a factor of two and the observed sample response is quite
different for the two data sets. For none of the probe beam
parameters investigated here could a lower threshold in either
intensity of repetition rate be identified, and the contributions
from beam/sample dynamics appear already by the second
pulse in the train.

6. Heuristic approach to correcting AS

Artifacts in TR-XSS data usually stem from systematic drifts
in X-ray energy, pointing, overlap efc. or random shot-to-shot
variations as well as detector artifacts (van Driel et al., 2015a).
For TR-XSS data measured at low repetition rates (order of
100 Hz), as each measurement is independent, artifacts can
often be removed by removing scattering curves that are
outliers in terms of integrated intensity or correlation between
an intensity monitor and integrated intensity (Antolini et al.,
2024). Such characteristics-based filtering does not yield
substantial improvement in the signal-to-artifact ratio for data
measured at the FXE as the measurements are not indepen-
dent within each pulse train. Therefore, alternative methods
for removing artifacts are needed. Fig. 14 shows difference
scattering signals measured during experiment A. The left
panel shows AS (same as in Fig. 4) calculated according to
equation (3). A clear signal onset is present at At = 0,
although for At <0 a background that appears constant in At
is observed. Currently, the best practice to remove this back-
ground signal is to subtract a reference signal (ASgg in Fig. 4)
measured at a negative delay (Lima et al., 2023), similar to
what has also previously been applied for synchrotron TR-
XSS studies at MHz repetition rates (Haldrup et al., 2012). In
the present context, this reference signal is determined as the
average of AS(At < —2 ps). The resulting difference between
AS and this reference signal is plotted in the right panel of
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Left: difference scattering constructed from all scattering curves in a scan,
according to equation (3); this is the same signal that is plotted in the left
panel of Fig. 4. Right: the same difference scattering signal except that the
average of the signal for At < 0 has been subtracted. These data were
measured during experiment A.

Fig. 14. This approach does rather well at removing the arti-
fact(s) observed for At <0, and thus presumably also removes
this contribution to the difference signal for the Az > 0 section
of the data set.

While the approach of simply subtracting an average of
AS(q, ) for At < 0 from the entire data set performs
reasonably well, in the presence of jitter or drifts in X-ray
intensity, energy or jet/X-ray overlap, AS(At < —2 ps) may
however not accurately represent the artifact-related contri-
butions for the entirety of a data acquisition sequence lasting
perhaps ~15 min, as for the data shown in Fig. 14. Indeed, in
Fig. 14 seemingly stochastic variations in AS(g, t) from time
bin to time bin are evident, and, while methods have been
developed for subtracting such effects in subsequent analysis
(Haldrup, 2014) or preceding data reduction steps (van Driel
et al., 2015b), these spurious contributions may be challenging
to disentangle from the solute-related sample response of
interest, as both can arise from the same thermo- and
hydrodynamic phenomena despite differing in their root
cause. Such contributions to the acquired data may be miti-
gated by measuring ASgg both before and after the actual
scan and interpolating between these, or one can employ
multiple fast sweeps of the time delays across the scan range as
implemented at the XCS instrument at the LCLS. As an
alternative to these approaches and directly relevant for
the train-structure of the European XFEL, the so-called
alternating excitation scheme can be employed, as described in
the next section.

7. Alternating excitation to suppress ASg,

Fig. 2 above shows a schematic representation of the alter-
nating scheme alongside the standard excitation scheme. A
‘laser on’ measurement S’?(g) at a pulse number p and train
number ¢ consists of three contributions. The largest contri-
bution is a static contribution, Sgg, from the solute molecules
remaining in the ground state and their solvation cages, the
bulk solvent, and any static background from air scattering or
similar sources. Additionally, S5 (q) consists of a laser induced
contribution, Sgs. Here, Sgs should be understood as all
scattering contributions stemming directly from the electronic
excitation of the solute system, i.e. structural reorganization of
both excited state solute and solvent, solvent heating, as well
as a negative contribution from the hole left by photoexcita-
tion in the ground state population (Haldrup ez al, 2019).
Lastly, it contains a pulse dependent artifact, S ... . (), which
is what gives rise to the background, ASgg. As outlined in
Section 2.1, the next measurement is then a ‘laser off’
measurement 7 (g),

Sol(q) = Sgs(q) + Sgs(q) + S;Iifact(q)’ (6)

Set (@) = Sas(@) + Sia(@)- @)

Calculating the nearest neighbor difference and keeping self-
normalization implicit to simplify the notation yields

S(;f(q) - S([)’f[f7+1(q) = SES(q) + [Sfrlifact(q) - Szﬁ':riflact(Q)]' (8)
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In this expression, it is the second term here that gives rise to
the background in AS when the standard excitation scheme
is used,

N, /2

2 " y
ASpg = N_ I:Sazl{iifa}:t(q) - Sjl{tifact(q):l-

pp =1

When using the alternating excitation scheme, if S"”(q) is a
‘laser on” measurement, the same pulse number p in the next
train ¢ + 1, S"*"?(g), will be ‘laser off’. The difference scat-
tering signal, AS(g), can then be constructed as

1
AS(q) =5 [Se (@) = Siit" (@) + S (@) = Sei " (9)]
= SES (q) + [Sgrtifact(q) - Szfr?lflact(q)]
+ [Sapr_gflact(('I) - S:rtifact(q)]
>~ Ses(q)- ©)

Assuming the artifact contributions to be train-independent
due to the long inter-train spacing in time, the contributions
from S, irace Would be expected to cancel out in equation (9)
when the difference signal is averaged across a large number
of trains. The top row of Fig. 15 shows a comparison between
AS measured using the standard and the alternating excitation
schemes during experiment C, both with a beamline trans-
mission of 30%. The left panel shows ASg 4 calculated
according to equation (3) and the right panel shows data
measured with the alternating scheme, exhibiting a much
smaller background for At < 0.

Standard Alternating
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Figure 15

Top row: AS(q, 7) calculated from a measurement using the standard and
alternating excitation patterns, highlighting the much smaller background
contribution when the alternating scheme is used. Bottom row: the same
two difference scattering signals after subtracting a reference signal
measured at a negative time delay. These data were measured during
experiment C at 30% beamline transmission. The data have been scaled
to the LUC using the same approach as described for the water data in
Section S1 of the supporting information.

While equation (9) suggests that there should be no
remaining background contribution evident before 7, when
applying the alternate excitation scheme, the top-right panel of
Fig. 15 shows that this is not entirely the case. We ascribe this
to the presence of jet-related artifacts arising from accumu-
lating perturbations to the liquid jet by the excitation laser.
This conclusion is supported by the data shown in Fig. S6,
which compares two scans in the alternating mode with and
without laser excitation to demonstrate how ASgg is greatly
reduced when the excitation laser shutter is closed.

From these observations, applying the alternating excitation
scheme does not completely eliminate the need to subtract a
negative delay reference from AS. However, using this exci-
tation scheme significantly lowers the magnitude ASgg as it
suppresses the contributions from X-ray induced jet pertur-
bations as well as the those from the systematic differences
between the memory cells subsets used for the laser on and
laser off scattering patterns. The bottom row of Fig. 15 shows
the final result of this investigation, where ASp5 and ASgga
have been subtracted from AS(g, 7)*'* and AS(q, 7)™". While
the two data sets are superficially similar, closer inspection
shows a much lower level of variations between adjacent bins
in both ¢ and 7 in these otherwise equi-statistical data sets, i.e.
a demonstration of significant improvement in the signal-to-
artifact ratio when the alternating scheme is used.

8. Conclusions and outlook

In this work, we presented an analysis of experimental arti-
facts in time-resolved X-ray solution scattering (TR-XSS) data
acquired at high repetition rate XFEL sources, specifically at
the FXE instrument at the European XFEL. Using a combi-
nation of physics-based modeling and model-independent
analysis, we identified and characterized contributions to the
difference scattering signal arising from X-ray and laser
induced sample perturbations, as well as detector-related
artifacts. Our findings indicated that intra-train sample
perturbations caused by beam/sample interactions lead to
jet heating, expansion and partial vaporization, significantly
distorting the measured scattering signals. These effects were
particularly pronounced at X-ray fluences exceeding 100 puJ
pulse™! and repetition rates above 100 kHz. The resulting
perturbations are evident as structured background signals,
which may complicate quantitative analysis, especially for low-
Z solute systems where the signal-to-background ratio is
inherently low. We note that in the present investigation with
fluences down to 18 pJ pulscfl no threshold for sample
perturbations could be identified. Similarly, we observe that
lowering the repetition rate from 141 kHz to 70.5 kHz some-
what surprisingly did not change the magnitude of the
observed background contributions to the TR-XSS data.
However, we note that the sample response was markedly
different between the two repetition rates, with no signatures
of jet explosions in the probed volume at the lower repetition
rate. This result could follow from either the lower amount of
deposited energy in the jet or from the signatures of the
exploding sample being moved out from the beam interaction
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region between successive probe events. Finally, in the course
of these investigations we found indications that detector
artifacts, ascribed to memory cell leakage/charge loss in the
LPD detector, introduced small but systematic modulations
correlated with the memory cell cycling pattern and pulse
number.

To address the data quality issues arising from the high
repetition rate, we investigated and compared two back-
ground subtraction strategies: one based on identifying and
removing signals from regions where the sample response was
known a priori to be zero, and another based on alternating
the laser excitation pattern between probe pulse trains. While
both methods proved effective, our results indicated that the
alternating excitation scheme offers superior performance,
when applicable.

Although the bunch-train time structure of the European
XFEL remains unique, we believe that the results presented as
well as the analytical approaches developed and demonstrated
in this study will prove valuable for establishing best practices
in data acquisition and detector characterization for TR-XSS
experiments at XFEL facilities. This is in particular pertinent
as the general trend for XFEL sources is going in the direction
of higher probe pulse intensities and multi-kHz repetition
rates, both of which may adversely influence the quality of the
data acquired, although the photon counting statistics may of
course improve.

9. Related literature

The following references, not cited in the main body of the
paper, have been cited in the supporting information: Biasin et
al. (2018); Chantler et al. (2005).
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